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Abstract—By taking into account moving scatterers and
velocity variations of terminals, a non-stationary vehicle-to-
vehicle (V2V) channel model under non-line-of-sight (NLoS)
scenarios is proposed. Under 2D non-isotropic scattering sce-
narios, the closed-form expression of the time-variant temporal
correlation function (TCF) for the proposed model is derived
and analyzed. The derived expression is a general solution and
includes most of the existing results as special cases, i.e., station-
ary scenarios, constant velocities of terminals, or fixed scatterers.
In addition, the derived TCF has a good agreement with the
simulated and measured results.

Index Terms— Vehicle-to-vehicle (V2V) channels, non-
stationary channels, non-isotropic scattering scenarios, temporal
correlation function (TCF), velocity variations.

I. INTRODUCTION

EHICLE-TO-VEHICLE (V2V) communication systems
V can effectively reduce the number of deaths, injuries, and
material loss by building up communication links between
vehicles, pedestrians, and road infrastructures. However,
the increasing density of vehicles and movements of scatter-
ers decrease the efficiency of V2V communication systems.
For the development of future V2V communication systems
and fifth generation (5G) communication systems [1], [2],
a thorough understanding of propagation characteristics for
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underlying V2V channels is indispensable. Meanwhile, the
mobilities of both terminals and scatterers result in channel
characteristics varying rapidly [3], which are different from
those of traditional fixed-to-mobile (F2M) channels [4], [5].
Measurement campaigns have also proved that the wide-
sense stationary (WSS) assumption in stationary V2V channel
models [6], [7] is only valid within a short distance, e.g., 4.5 m
for line-of-sight (LoS) scenarios and 2.7 m for non-line-of-
sight (NLoS) scenarios [5]. The non-stationary aspects should
be taken into account in the future V2V channel modeling.

Several non-stationary V2V channel models can be found
in [1], [2], [8]-[12]. However, the models in [8]-[10]
assumed that both the mobile transmitter (MT) and mobile
receiver (MR) moved with a fixed speed and direction. Under
realistic V2V scenarios, vehicles may experience acceleration/
deceleration due to different conditions. The authors in
[11] and [12] took velocity variations into account, but
they did not consider the movements of scatterers. However,
the mobility of scatterers, i.e., other vehicles and pedestrians,
increases the complexity of V2V communication systems and
reduces the system performance due to the increased temporal
correlation, which refers to the dependence of channel impulse
response in the time domain [3], [10]. Thus, the exploitation
of temporal correlations is vital to designing, optimizing
and evaluating the V2V communication systems. It is worth
mentioning that a closed-form expression of temporal cor-
relation function (TCF) is vital to observe intuitively how
movements of terminals and scatterers can affect the temporal
correlations and get an explicit expression of system perfor-
mance. However, the TCFs of aforementioned models were
usually analyzed by simulations. This letter aims to fill these
gaps. The major contributions and novelties are summarized
as follows:

1) Based on Taylor series expansion, a closed-form expres-
sion of time-variant Doppler frequency under 2D V2V NLoS
scattering scenarios is developed. Combing with the twin-
cluster approach [14], [15], a general model for non-stationary
V2V channels with moving scatterers and velocity variations
of terminals is proposed. The new model can also be applied
to fixed-to-fixed (F2F) and F2M channels by adjusting velocity
parameters.

2) Under 2D non-isotropic von Mises (VM) scattering
scenarios, a closed-form expression of TCF for the proposed
model is derived. The derived result is an explicit function of
time-variant velocity parameters, i.e., the speed and direction
of MT, MR, and scatterers.
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The remainder of this letter is organized as follows.
Section II proposes a non-stationary V2V channel model.
In Section III, the theoretical TCF of the proposed model
under VM scattering scenarios is derived. The simulation
results are performed and compared with the theoretical and
measured ones in Section V. Finally, some conclusions are
given in Section VI.

II. A NON-STATIONARY V2V CHANNEL MODEL

Considering a typical V2V communication scenario, the MT
and MR have time-variant velocities denoted as v (¢) and
vME(#), respectively. The V2V channel includes several prop-
agation paths and each path may contain several clusters.
Note that the single-bounce and double-bounce cases can be
viewed as two special cases of NLoS scenarios, i.e., one or two
clusters existing along the certain path. Under NLoS scenarios,
the first and last clusters are denoted by SMT and SME, respec-
tively. v w( ), i € {MT, MR} is the time-variant velocity of
MT and MR, viSu(t) = vi(t) — vSu(t) = vi(t)el®n(® js
the relative velocity between the MT and SMT or between
the MR and SME, @, is the initial distance between the MT
and SMT or between the MR and SME, &¢ is the mean value
of angle of arrival (AoD) or angle of departure (AoA). Note
that all angle parameters are time-variant and related with the
movements of terminals and scatterers [16].

Under non-stationary scattering environments, the time-
variant channel impulse response (CIR) between the MT and
MR can be expressed as [14]

N(t)

> en(t)hn (£)3(T — Ta(t)) (1)

n=1

h(ta T) =

where N(t) denotes the number of propagation paths, which
are characterized by path delay 7,(t), path gain ¢, (t), and
normalized channel gain h,(t). In (1), 7,,(¢) can be defined
as TMT(t) + MR (¢) + 7, (t), where 7} (t) denotes the delays
of first and last bounces, respectively, and 7,(t) denotes
the equivalent delay of virtual link. In addition, h,(t) can
be further modeled by the summation of infinite sub-paths
[14], [17], i.e.,
M

]. H t ’ ’
lim — Z eJ(27" Jo from (')At 4600 m) 2)

hat) = Jim ——

m=1
where M denotes the number of sub-paths, fi, ., (¢) is
the time-variant Doppler frequency, and the phase 0,,,, =
0 405, m including the initial phase 6, ,,, and the accumu-
lated phase 0], ,, = fi)oo Jnm(t')dt". Since 0, ., is random
and usually uniformly distributed over [—, 77) and 0, ,,
periodical over [—m, ), 0, ., can be expressed by an 1nde-
pendent uniformly distributed random variable over [—, 7).
Under NLoS scenarios, the rest of clusters between the first
and last clusters can be abstracted by a virtual link [14]. Thus,
the total Doppler frequency can be calculated by [4], [10]

VMT ()Fgur ar(t) VS (8)Faersu (1)
fn,m(t) = ) + N
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where Tg: ; and T;g:  denote the unit direction vec-

tors from Sib m to 1 and from i to S,.m» respectively, and
A means the wavelength. Let us consider the relative velocity

and rewrite (3) as

VMT,S%T(t)fsM?, wr(t) vMRvSﬁm(t)rsMR Mr(?)

o t — n,m? n,m?
Fum () s + 5
MT,SM”
Pn (T
= 5 W sl -l (1)
MR,SMR
Pn (¢ MR
P o (1) — 0 1)
MT SMT MR SMR
_fnm ( )"‘fnm " (t) (4)

where f 5 ( ), i € {MT,MR} represents the Doppler fre-
quency occurs at the MT or MR, and o, (t) denotes the
Ao0A or AoD of the mth sub-path within the nth path.

In order to make the model of Doppler frequency more
tractable, the speed and movement direction can be approxi-
mated by two linear functions over the short analytical time
interval, i.e., v'(t) = v} + abt and of(t) = of + bit [11],
where a and b represent the corresponding accelerations,
respectively. Then, we expand cos(o, ,, (t) — i (t)) by Taylor
series expansion as

%

7
COS(Oén m(t)_av(t))_cos(anm ) +66 t+c_1 t2+

2
)

It can be proved that the first two terms can approximate the
whole one quite well and c¢j can be expressed as

5 ;

UOSID (an m & )

7/
p— b
o a@ +

-sin(af, ,, —

where di,, i € {MT, MR} denotes the initial distance between
the MT and SMT or between the MR and SME, o is the
initial value of AoD or AoA, and o means the initial speed
of the MT or MR. Finally, the Doppler frequency can be

modeled by

fi,SfL (t) - a606t2 aO COS(an m 0‘%) + U(Z)C%)t
n,m A 4 A
UO COS(Oén m a%})
i\ (7N

which explicitly reveals the impact of time-variant movement
parameters of terminals and clusters. It’s worth mentioning that
the authors in [17] assumed the Doppler frequency changing
linearly and derived fnsm( t) by using its first-order Taylor
expansion. Under this assumption, the channel gain h,,(t) can
be modeled by the sum of linear frequency modulated signals
(SoLFM) [13] or sum of chirp signals (SoC}) [17]. In contrast,
by substituting (7) and (4) into (2), h,(t) in this letter can be
expressed as

M
1
lim —— Z @ (A Bt +C 1) +0n m) (8)

m=1
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where where pf (t, At),i € {MT,MR} represents the TCF at the
MT or MR and can be further calculated b
A ag/ITvg/IT sm2(anM’;£L — aMT) y
B 3AdMT oL (t, At) = / ei2m [[HANfL L (hat!

—afRu R sin?(@}R — aliR) g | |
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. aMT - cos(aMT, — aMT) 4 T pNT (13)
2\ In order to quantificationally investigate temporal correla-
ay™ - cos(ay i — o)) + v RpgtR tions of our proposed model, we assume the AoA and AoD
22\ ©Ob)  follow the VM distribution. This distribution is flexible and
MT MT _ MT MR MR _ MR can be used to approximate many distributions, e.g., uni-
C = Yo COS(O{”’"” o) 4 Yo cos(amm o) form and Gaussian. Based on the measured data, the authors
A A ©96) in [3] and [11] employed it to describe the signal angles

c

Finally, our proposed V2V channel model can be obtained
by substituting the new Doppler frequency model of (8) and
(9) into (1). Note that our model can be easily extended
to multiple-input multiple-output (MIMO) channels, while
this letter only focuses on single-input single-output (SISO)
channels and their temporal correlation properties.

III. TCF oF PROPOSED MODEL UNDER
NON-ISOTROPIC SCENARIOS

The normalized TCF of the nth path for non-stationary V2V
channels should be time-variant and can be defined as

pn(t, At) = Elhn (£)hy, (£ + Ab)]arr (1) 0218 (1),0,,,,,} (10)
where the expectation function E[-] applies to the random
variables such as aM7T(¢), MR (¢) and 0, ,,,. By substituting
(2) into (10) and averaging over 0y, m, it yields (11), as shown
at the top of this page, and pour v (an(t), an(t))
denotes the time-variant joint distribution of random angles.
Note that (11) is suitable for both LoS and NLoS scenarios.
For example, it reduces to the LoS condition by setting
aMT(t) = 7 — aMB(t) as well as the single-bounce condition
by using geometrical relationships between the AoD and AoA.
For general multi-bounce NLoS scenarios, the AoA and AoD
are usually assumed independent and their distributions could
be obtained by measurement campaigns separately. Under
this condition, it follows from (11) that the TCF can be
expressed as

pn(t, At) = p'T (¢, At)p)™ (¢, At) (12)

under non-isotropic scattering conditions. The VM probability
distribution function (PDF) is given by

exp (ni cos(afl - @fl))
27T (k")

Poz’i (O‘;) =

n,m

(14)

where Io(-) is the zeroth-order modified Bessel function of
the first kind, x* > 0 and écil denote the distribution factor
and the mean value of angles, respectively. Since x’ is almost
constant during short analytical time intervals (several tens
of milliseconds), angle offsets can be approximately time-
invariant, i.e., of (t + At) — & (t + At) ~ ol (t) — &l (t).
Holding this condition and substituting (8) and (14) into (13),

it yields
1 /Tl' k" cos(ad,
21To(KY) J_»

t+ At a bl 2 a LUS(G( al )+v bl
e_J;rt+ (Oot'-‘,-o n2 Dot)df

P (, A) = (t)—a (1)

R 27rv0 Lus(unfu:j) SAt i
-e p) dag,. (15)

By using [18. eq. (3.338-4)], we can obtain the closed-form
expression of TCF as (16), shown at the top of this page,

where

c 21 (V)AL ad A\ 2m [(vi(t)At el At?

Dt = —. 7.
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TABLE I
DETAILED VELOCITY PARAMETERS

: i i 2 i (o—1 i
scenario v} (m/s) af (m/s”) by (s7) al,
T =15 aT=1 bT=0 ayft=%
outdoor
WIR =15 aR =15 BYIR = & MR _z
_ T =06 a)'T=0 bT=0 ayt=3%
indoor
IR =06 afR=0 BR=0 oMR=z
Proposed model
—-=- Fixed-scatterer model
A simulation model
0.8
4 3\
& \
= 3
TOo6r A
E] [N
A
% 041 ‘\ R
Z \
< \ \
02 R A,
0 - il B — el -
0 0.01 0.02 0.03 0.04 0.05
Time lag,At(s)
Fig. 1.  Absolute values of the TCFs of different models at different

time instants (outdoor NLoS scenario, di, ~ U(5,30) m, HVS:L (t)H ~

U(0,1) m/s, and a7 () ~ U(—, 7).

Finally, by substituting (16) into (12), the closed-form TCF
for the proposed V2V channel model can be obtained.

It should be mentioned that the derived TCF can clearly
reveal the influence of the movements of terminals and scatter-
ers via v, ', a}y and b). Moreover, this expression is a general
solution and includes many existing results for stationary and
non-stationary channels. For example, by setting k! = 0,
ab = 0, b)) = 0 and &, = af, the derived TCF reduces
to the classic result under isotropic scattering conditions as
[20. eq. (35)]. For non-isotropic scattering scenarios, by setting
ab =0, b, =0, a’, =0 and &% (t) = & (t + At), it has the
same form with [19. eq. (20)]. Moreover, it’s also equivalent
to the result of [11. eq. (42)] as long as all scatterers are fixed
and the time-variant angles o, (¢) are time independent.

IV. RESULTS AND ANALYSIS

In this section, the impacts of velocity variations and
moving scatterers on the TCF are investigated and validated.
Firstly, we consider an outdoor NLoS scenario with the AoA
and AoD following the VM distribution (x = 1). The carrier
frequency is 2.48 GHz. The scatterers with random velocities
are assumed to distribute uniformly around the MT and MR.
The terminals have different initial velocities and accelerations
as shown in Table I. The absolute values of TCFs at three
time instants, ie., t = 0 s, 2 s, and 5 s are compared
in Fig. 1. Here, the theoretical TCFs of our model are obtained
by (16) and (12), while the ones of the model with fixed
scatterers can be calculated by [11. eq. (42)]. In order to verify
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Proposed model
O  Measurement

Parallel walking

Opposite walking

0 0.‘01 0.‘02 D.‘03 0.;)4 0.05
Time lag,At(s)

Fig. 2. Absolute values of derived and measured TCFs at different

time instants (indoor NLoS scenario, d?, ~ U(5,10) m, Hvstt (t)H ~

U(0,1) m/s, and a7 () ~ U(—m, 1)).

the correctness of derivations, we also simulate 107 channel
fading samples by (8) and demonstrate the simulated TCFs
in Fig. 1. As we can see that the simulated TCFs match well
with the theoretical ones of our model. However, the TCFs of
the model excluding moving scatterers are quite different with
ours, which means that the moving scatterers do have influence
on TCFs especially when the time lag increases. Finally, it also
shows in Fig. 1 velocity variations have a great impact on time
correlations. In addition, when the computer is configured with
15-4210M CPU and 4 GB RAM, it takes 3.78 s to obtain the
simulated TCFs in Fig. 1, while it takes only 0.99 s by using
the derivations.

It is worth mentioning that our proposed model and the
derived TCF can also be applied to the mobile-to-mobile
(M2M) channel, e.g. the model in [4], where the receiver
and transmitter are presented by two moving human. In [4],
the authors performed channel measurement campaigns in a
NLoS indoor office with moving scatterers. The TCFs for two
straight linear trajectories, i.e., parallel and opposite walking,
were measured at 2.48 GHz. These measurement results can be
used to verify the effectiveness of our model and the derived
TCF as well. By setting the same parameters and substituting
)T = v)IR = 0.6 m/s, Mt = MR = 7/2, ad!T = a}I1F =
0m/s”, YT = bR = 0 s~! and k = 0 into (15), the absolute
values of theoretical and measured TCFs under these two
measurement scenarios are compared in Fig. 2. The good
agreement between measured and theoretical TCFs shows
the usefulness of both the proposed model and theoretical
derivations.

V. CONCLUSIONS

We have proposed a new non-stationary V2V channel
model allowing for velocity variations of terminals as well as
moving scatterers. Based on the proposed model, the closed-
form expression of TCF under non-isotropic scattering envi-
ronments has been derived and verified by simulations and
measurements. The derived theoretical TCF includes many
existing results as special cases. In addition, it clearly reveals
the impact of velocities on TCFs, which is helpful for the per-
formance evaluation and optimization of V2V communication
systems under realistic conditions.
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